Magma is transported in the crust mainly by dike intrusions. In volcanic areas, dikes can ascend toward the free surface and also move by lateral propagation, eventually feeding flank eruptions. Understanding dike mechanics is a key to forecasting the expected propagation and associated hazard. Several studies have been conducted on dike mechanisms and propagation; however, a less in-depth investigated aspect is the relation between measured dike-induced deformation and the seismicity released during its propagation. We individuated a simple x that can be used as a proxy of the expected mechanical energy released by a propagating dike and is related to its average thickness. For several intrusions around the world (Afar, Japan, and Mount Etna), we correlate such mechanical energy to the seismic moment released by the induced earthquakes. We obtain an empirical law that quantifies the expected seismic energy released before arrest. The proposed approach may be helpful to predict the total seismic moment that will be released by an intrusion and thus to control the energy status during its propagation and the time of dike arrest.
Introduction
Dike propagation is a dominant mechanism for magma ascent, transport, and emplacement in the crust. Flank eruptions on volcanoes are often fed by dikes that move for several kilometers, driving magma, previously accumulated in a reservoir. The greatest hazards on a global scale are for large fissure eruptions that are mostly fed in vertical flow from deep-seated reservoirs [Gudmundsson, 2016] . However, also, smaller eruptions are potentially damaging to infrastructures depending on the dike propagation. In general, hazards associated with lateral dike propagation are greater for longer dikes that can reach the outer flanks of a volcano: the longer the propagation, the more dangerous it becomes because the intrusion may approach towns and man-made infrastructures, often located on the lower volcano flanks. As examples, the 1669 eruption of Etna volcano (Sicily, Italy) destroyed the town of Catania (located close to the sea, 30 km from the summit) due to an eruptive fissure that propagated 16 km toward the town and then fed an eruptive vent in the low flank. An eruption similar to the one occurring in 1669 would result in damage amounting to about 7 billion Euros [Del Negro et al., 2016] .
In Japan, Sakurajima volcano has erupted several times through radial dikes, as, for instance, in 1476, 1779, and 1914 . The 1914 eruption produced lava that flowed into the Seto strait connecting the island of Sakurajima with the Oosumi peninsula. Recently, in August 2015, ground deformation indicated propagation of an intrusion that fortunately stopped and did not evolve into an eruption [Hotta et al., 2016; Morishita et al., 2016] . Offshore the Izu Peninsula,~100 km southwest of Tokyo, seismic swarms recurred approximately once a year in the 1980s and 1990s. Geodetic data show that the seismic swarms are due to horizontal dike BONACCORSO Key Points:
• The study investigated the relationship between the deformation induced by dike propagation leading to eruptions and the released seismic energy • We individuated a simple equation that can be used as a proxy of the expected mechanical energy released by a propagating dike that is related to its average thickness • We obtained an empirical law that quantifies the seismic moment released by a dike intrusion, thus providing a tool to control the energy status during its propagation propagation [Okada and Yamamoto, 1991; Aoki et al., 1999; Morita et al., 2006] . Most of the dike intrusions were arrested before reaching the surface, but the 1989 dike intrusion resulted in a submarine eruption [Okada and Yamamoto, 1991] .
Besides Etna and the above mentioned Japanese volcanoes, this kind of process has been observed at several basaltic volcanoes around the world such as at Kilauea, Hawaii [e.g., Rubin, 1990] , Piton de la Fournaise, Reunion Island [e.g., Peltier et al., 2005] , and rift systems such as those in Iceland and Afar (Ethiopia) [e.g., Gudmundsson, 1983 Gudmundsson, , 2011 Rubin and Pollard, 1988; Grandin et al., 2011] .
Understanding the mechanisms controlling dike propagation has always been a central issue in volcano physics, and a related issue of great interest is dike arrest. In most cases horizontally or vertically propagating dikes stop before intersecting the surface [e.g., Gudmundsson et al., 1999; Gudmundsson, 2003] . Dike arrest may occur because a dike loses buoyancy or driving pressure [e.g., Rivalta, 2010; Taisne et al., 2011] , or due to magma solidification [e.g., Lister and Kerr, 1991] , or again to a structural barrier [e.g., Gudmundsson, 2011; Geshi et al., 2012] , or even to stress perturbation by a big earthquake, or creeping on large faults [Maccaferri et al., 2015 , Xu et al., 2016 . Besides the numerical approach [e.g., Pollard and Muller, 1976; Rubin and Pollard, 1987] , dikes have been studied following different approaches including field mapping [e.g., Delaney and Gartner, 1997; Reches and Fink, 1988; Gudmundsson, 2002; Poland et al., 2008, Kavanagh and Sparks, 2011] and analogue lab experiments [e.g., McLeod and Tait, 1999; Takada, 1990; Menand and Tait, 2002; Taisne and Tait, 2009; Traversa et al., 2010] . Review articles on magma-driven fracture modeling include those by Pollard [1987] for the solid mechanics, Lister and Kerr [1991] for coupling the fluid flow and elastic deformation, Rubin [1995] with considerations on dike initiation and propagation, and Rivalta et al. [2015] for basic concepts and mechanical models.
Once the potential causes of dike arrest have been identified, mechanical modeling may be used to assess their relative contribution [e.g., Gudmundsson, 2006 Gudmundsson, , 2011 Maccaferri et al., 2015] , but such a method requires constraints on many parameters and is unsuitable for real-time forecasting. A general propagation criterion can be defined as the stress intensity factor reaching a critical value K = K c , where K c , the fracture toughness, measures the resistance of the rock to crack propagation [i.e., Rubin, 1993] . Field observations show much higher K c values (usually about 10-10 2 MPa m 0.5 ) than expected from experimental lab measurements (typically in the order of 1 MPa m 0.5 ). Gudmundsson [2009] proposed that composite volcanic edifices with multiple layers of different strength may result in higher average fracture toughness. Rubin et al. [1998] noted that the seismicity induced by dikes constitutes a sink of energy; it provides evidence of a release of fracture energy beyond what is needed to elongate the intrusion. Morita et al. [2006] , for example, inferred the geometry of the 1998 dike intrusion at Izu Peninsula by deformation and seismic data. They concluded that K c is not representable by a constant value during dike growth. Lab analogue experiments of fluid injection [i.e., Menand and Tait, 2002] also suggested that the resistance to propagation did not remain constant but increased as the fissure propagated. A scale relation for K c is an open question in literature, and a better definition would be important to reconcile the different values obtained. The dissipation of energy will be mirrored into an effective (also called apparent) value of K c , scaling with the dimension of the dike .
Identifying observables of the energy released during diking and clarifying their mutual relationship may help in designing a simpler forecasting method. In recent decades, deformation and seismic changes associated with several intrusions have provided the opportunity to estimate the approximate shape and geometry of the intrusions and infer the released seismic energy, respectively. The goal of our study is to analyze simultaneously the modeled dike growth and the seismic energy released during intrusions at different volcanoes. The aim is to constrain general features of dike propagation and better understand the conditions leading to dike arrest.
Starting from the basic concepts of magma-driven fractures and linear elastic theory, we derive an equation that mirrors the expected available mechanical energy U E to be released depending on the opening of the dike (i.e., its thickness). We consider several eruptions (Etna, Japan, and Afar) with dike parameters inferred by modeled deformation and recorded seismicity. We relate U E to the recorded total seismic moment and use this to estimate the seismic energy that will be released after the dike has opened and starts to propagate. We discuss how this approach may help evaluating a priori how long an eruptive fracture might be.
A Novel Approach to Estimate Dike Energy From Geophysical Measurements
Our investigation deals with magma-driven fractures that transport magma both vertically and horizontally without significant cooling and solidification before arrest. Magma intrusion is a complicated phenomenon with several processes storing and dissipating energy, such as the following: (i) elastic energy is stored in the surrounding rock with the opening of the dike walls; (ii) rock fracturing or slip on preexisting fractures dissipates energy around the tip and in the walls of the dike. Previous studies [i.e., Lister and Kerr, 1991] reckon this contribution as insignificant since it involves only a small part of the fracture (the tip), but this is debated ; (iii) viscous magma flow within the dike also dissipates energy. Other processes provide energy to the system and contribute driving the dike, including the following: (i) buoyancy forces, due to the density difference between the magma and the host rock (this may often be neglected for horizontal dikes); (ii) compression caused by gradients of topographic loads or tectonic stress gradients; (iii) contribution of magma reservoir overpressure; and (iv) contribution of magma compression.
The driving pressure, P d , superposition of several such contributions, is defined as the difference between the magma pressure and the total horizontal stress perpendicular to the plane of the dike. The thickness to length ratio of a dike is related to the pressure available to open the dike walls and the resistance of the host rock to opening. Following the linear elastic theory in literature, the equation mainly used [Pollard, 1987; Rubin, 1995] is
where 2a is the length of the stationary fluid-filled dike, t the dike thickness, μ the medium rigidity, and ν the Poisson coefficient, and the ratio μ/(1 À ν) is known as the host-rock stiffness.
Irwin [1957] reconciled the K c criterion with that based on Griffith's global energy balance [Griffith, 1921] , showing that a critical value K c criterion is equivalent to one requiring that the energy release rate reaches a critical value G = G c , where G = ÀϽU E /Ͻa, with U E the elastic strain energy of the brittle elastic solid that decreases by increasing the crack length a. For a blade-like dike of length 2a in plane strain, Pollard [1987] showed that the change in elastic strain energy of the host rock caused by dike dilatation is
This can be considered a more general relation since U E may include energy dissipated through other mechanisms besides the one spent in the tip opening [Pollard, 1987] . The unit is energy per unit length of the dike in the direction perpendicular to the propagation and the opening.
By combining equations (1) and (2), we obtain the available mechanical elastic strain energy U E as a function of dike thickness:
This equation is useful because it relates the available elastic strain energy to just one dynamic parameter of the dike, its thickness. Note that we consider dikes that have propagated for a considerable distance (greater than the chamber radius) away from the chamber, so that we disregard any influence of magma chamber pressurization on the strain. Tectonic contributions to strain are incorporated by defining the driving pressure as P À S, difference between magma pressure, P, and regional compressive stress, S.
Numerical models and laboratory experiment studies show that a dike propagating in a homogeneously stressed medium fed by constant influx of magma is formed by an inflated propagating "head" or "nose" region, whose shape does not change much during propagation, followed by a constant-thickness tail [e.g., Heimpel and Olson, 1994, Taisne et al., 2011] . Analogue experiments have been more focused on propagation effects/characteristics; however, in recent studies [e.g., Acocella et al., 2013; Daniels and Menand, 2015] there are confirmations of the near-uniform thickness of the reproduced dikes. Although dikes do show local variations in thickness when crosscutting layers with different elastic parameters (e.g., Geshi et al. [2010] or Bonafede and Rivalta [1999] , for an analytical model), we disregard this aspect here for the sake of generality. In real cases, the presence of layered rocks and strong contrast in rigidity between different layers could produce dike arrest [e.g., Geshi et al., 2012; Gudmundsson, 2002] . On the scale of dike length, small-scale complexities may be neglected and observations indicate that near-uniform thickness can be assumed to explain large-scale deformation such as recorded by geophysical monitoring networks. In considering the near Geophysical Research Letters 10.1002/2017GL074008 constant thickness as a valid approximation, encouraging support comes from the exposed dikes, which represent a real picture of the intruding process below the free surface. At Etna, along the walls of the Valle del Bove depression the majority of measurements of hundreds of exposed dikes, whose vertical sections are visible even for several hundreds of meters, reveal near-uniform thickness [Ferrari et al., 1991] . Exposed feeder dikes (> 100 m long) in the caldera wall of Miyakejima volcano show an essentially constant thickness, except for the uppermost shallow 20-40 m due to the free surface effects [Geshi et al., 2010; Geshi and Oikawa, 2014] . Many deformation studies in different volcanoes around the world match the data by using uniform thickness tensile dislocation, then supporting the idea that a mean constant thickness is representative of the intrusion. Dynamic inversions of crustal deformation data are also consistent with approximately constant-thickness propagation [e.g., Segall et al., 2001 , Ozawa et al., 2004 Morita et al., 2006 , Aloisi et al., 2006 Ji et al., 2013] . Dynamic inversion of crustal deformation data from the exceptionally well-constrained 2014 intrusion at Bardarbunga-Holuhraun (Iceland) [Sigmundsson et al., 2015] shows that the dike, once the propagating nose had passed, maintained an approximately constant thickness of 2-3 m with a larger opening (4-5 m) only in the terminal and shallower part of the intrusion [Sigmundsson et al., 2015, Figure 3a ].
Certainly, a crack model where the opening scales with length is not consistent with observations of propagating dikes. Obviously, in the real cases of heterogeneous medium many intrusions are not uniform in thickness and their surface opening-displacement can show variations. However, as an approximation, the Grandin et al. [2010 Grandin et al. [ , 2011 a Seismic moment calculated from magnitude catalogues at www.ct.ingv.it [Alparone et al., 2015] applying the relation from Giampiccolo et al. [2007] .
Geophysical Research Letters 10.1002/2017GL074008 average thickness is often used in the equations relating overpressure and dike dimensions [e.g., Gudmundsson, 1983; Geshi et al., 2010; Geshi and Oikawa, 2014] . In the following, we assume that dikes maintain an approximately constant thickness at any location during the entire propagation (only the early nucleation phase is excluded). This assumption, combined with equation (3) stating that the elastic strain energy depends on the squared thickness of the dike, implies that when a dike starts to propagate then from the determination of its opening, it may be possible to estimate the expected final energy to be released.
Seismic Energy and Application Case
Dike propagations are usually accompanied by seismic swarms tracking the migratory path of the intruding magma and mirroring the released energy. In quantifying the released energy, the seismic moment has the advantage of not only being the seismic energy which is radiated seismically, but it can be considered a measure of the total energy released during an earthquake. We considered several intrusions at different volcanoes: Etna (Italy), Izu, and Myiakejima (Japan), and the dikes from the 2005-2010 rifting episode at the Manda-Hararo rift segment in Afar (Ethiopia). We used available dike shape/dimensions modeled from ground deformation measurements and cumulative seismic moment of earthquakes recorded during propagation (Table 1 ). In Figure 1 we reported the available mechanical elastic strain energy that can be calculated from (3) varying the thickness according to the different dike cases, after fixing representative mean values of the elastic medium properties (rigidity and Poisson's ratio).
For each modeled dike, we multiplied U E by the length of the dike in the direction perpendicular to the propagation (i.e., the estimated width reported in Table 1 ); thus, we obtain the total 3-D available mechanical elastic strain energy U T . We compared U T with the cumulative seismic moment M o (Figure 2 ) and found the linear best fit law:
with a correlation coefficient R 2 = 0.63 that reflects the spread of the data along the linear fit (Figure 2, top) . The spread is mainly a consequence of the elastic parameters that we assumed equal (μ = 10 10 Pa and ν = 0.25) in the different volcano areas considered, and also of the different modeled thicknesses found for same intrusions such as the Izu 1998 and 2000 cases. Note also that without the outlier (Izu 1997 eruption) the fit improves considerably to R 2 = 0.82. The relation can be considered a first tool to estimate the expected seismic moment M o from the available energy U E that is calculated from (3) after the initial dike shape is known. If robust data for single volcano areas are available, then the fit quality can be improved and become more representative of the specific investigated volcano. In particular, for the recent eruptions of Etna volcano the modeled dike shapes and the seismic recordings are particularly robust thanks to both the integrated monitoring system of ground deformation (static and continuous GPS measurements and continuous borehole tilt) and the dense seismic network installed around the volcano. For this volcano the relationship (4) is particularly precise, becoming log 10 M o ð Þ ¼ 1:24· log 10 U T ð ÞÀ 1:54
with a near same slope coefficient of the general case, confirming the validity of the relation, and a very good R 2 equal to 0.99 (Figure 2, bottom) . In Figure 3 we report an application case regarding the October 2002 Figure 1 . Expected available mechanical elastic plane strain energy U E (J/ m) that will be released during the dike propagation (dashed line) from equation (3). The energies expected for the modeled dikes of Japanese volcanoes (green triangles), Etna (purple circles), and Afar (blue rhombus) are shown. The modeled parameters of these volcanoes are reported in On the surface it formed a line of several explosive cinder cones connected by a fissure from which lava flows were emitted. There was great concern that this eruptive fracture could have propagated further and discharged magma in a large flank eruption. This would have threatened the villages located on the mid-NE flank along the eruptive fissure direction. The temporal evolution of the dike was modeled by the continuously recorded borehole tiltmeters data [Aloisi et al., 2006] . The reproduction of the recorded tilt signal allowed describing the geometry and characteristics of the propagating dike, inferring a near constant thickness of 3.35 m (Table 1) . This modeled value was also confirmed by the field measurement of the dike in a segment exposed below the pit crater at 2200 m asl [Branca et al., 2003] . Following our proposed approach, we can estimate the available elastic strain energy U E and then from (5) we calculate the expected seismic moment M o to be released. The recorded cumulated M o approaches the expected limit of the cumulated M o (Figure 3 ).
Discussion and Conclusive Remarks
The dike's uniform thickness can be considered a valid first-order assumption supported by different arguments and results. In fact, several worldwide volcano-tectonics studies assume constant thickness [e.g., Delaney and Pollard, 1981; Marinoni, From the initial phases of the dike, after its opening is inferred, the available energy can be estimated from equation (3) and the expected total seismic moment to be released (dashed line) from equation (5). This M o value is the limit to be reached by the cumulative recorded seismic moment to obtain the energy equilibrium and the dike stopping. Geophysical Research Letters 10.1002/2017GL074008 2000; Klausen, 2006] or use an average thickness [e.g., Gudmundsson, 1983] ; statistical analysis of thousands of thickness data from different tectonic settings assume and use constant thickness for each single dike [e.g., Krumbholz et al., 2014] . Structural geologists have used exposed dikes to relate their length and mean uniform thickness to the driving pressure generating them in order to infer constraints on the process of dike emplacement [e.g., Delaney and Pollard, 1981; Reches and Fink, 1988; Delaney and Gartner, 1997; Valentine and Krogh, 2006; Poland et al., 2008] .
In the field of mechanical elastic strain, the length of the dike is also related with the energy. However, we would highlight that its final extension cannot be estimated with precision at the beginning of the propagation. In fact, for a same quantity of energy to be released a dike may travel different lengths due to possible structural conditions (e.g., barriers) or stiffness variation that could cause its propagation to stop. But the interesting point we underline is that although under different conditions a dike could travel different lengths, the certain aspect is that the available mechanical elastic strain energy has to be entirely released and, as shown in our study, it can be a priori estimated by the dike opening. In other words, the thickness is the most unequivocal parameter related to the energy to be released.
Many authors have compared intrusive volumes and seismic energy released [McGarr, 2014; White and McCausland, 2016] . They found a linear relation between log 10 (Vol) and log 10 (M o ) similarly to our linear relation between log 10 (U T ) and log 10 (M o ) presented in Figure 2 . The approach is similar to ours because the volume correlates with the elastic energy used to open the dike. However, for a forecasting approach able to quantify the expected energy, this approach is limited by being dependent on the final length that as discussed above, cannot be evaluated a priori. Our thickness approach has the advantage of being based on the peculiarity that the energy expected can be estimated at the beginning of the intrusion through the estimation of the dike opening when its effect on the surface begins to be revealed by the deformation monitoring systems. This parameter can immediately be inferred as soon as the deformation monitoring systems (GPS, tilt, and strain) detect the first significant changes. The released energy can be related to seismic moment Mo that has the advantage of being calculable in near real time since it is related to the seismic local magnitude that is easily determined from the seismic recordings. The comparison of the seismic moment expected by the release of the available energy with the moment calculated in real time by observing networks provides a prediction of when the energy is balancing and hence when the dike is expected to stop. This helps answer one of the fundamental questions raised by civil protection authorities on lateral dike propagation, namely, "how long will the eruptive fissure propagate?" As shown in the application case reported in the previous section, this approach may also prove a very useful new tool to estimate the dike propagation hazard during the early phase of an eruptive intrusion.
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